INTRODUCTION
The role of the microbiome in immunity and disease progression has only recently been recognized, and has mainly focused on bacteria (Cui et al., 2013; Huffnagle & Noverr, 2013; Lauer & Hernandez, 2015) . Whitenose syndrome (WNS) is a fungal disease of hibernating bats that has rapidly spread through the eastern United States and Canada, killing > 6.7 million bats since it was first reported in 2006 in Albany, New York (U.S. Fish and Wildlife Service, 2012) . The fungus that causes WNS, Pseudogymnoascus destructans (Pd), is also found in Europe, but for reasons that are unclear, does not cause significant mortality or morbidity of European bats (Wibbelt et al., 2010; Lorch et al., 2011; Puechmaille et al., 2011) . Hypotheses for this include behavioral or physiological adaptations in European bats, or environmental differences between Europe and North America (Wibbelt et al., 2010) . European strains of Pd are lethal to North American bats, demonstrating that the presence of different strains of Pd does not explain the lack of bat mortality in Europe (Warnecke et al., 2012) . Whether Pd interacts with fungi and bacteria naturally occurring on bats, or whether the microbiome on bats or in hibernacula differs between North America and Europe, is unknown. The few studies on mycobiota present on hibernating bats have shown the composition of fungal taxa is similar between Europe and North America, although sample sizes are generally small and differences in methodology make comparison difficult (Larcher et al., 2003; Voyron et al., 2011; Johnson et al., 2013; Vanderwolf et al., 2013a) .
In the United States, Johnson et al. (2013) sampled both Pd-positive and Pd-negative bats and found that the fungal diversity on the former was much lower than on the latter. This led these authors to hypothesize that Pd was responsible for suppressing the normal fungal diversity present on hibernating bats. Here we address this hypothesis by drawing on relatively large datasets describing fungal diversity on pre-and post-WNS Myotis spp. bats in eastern Canada.
METHODS
The principal source for our pre-WNS information concerning fungal diversity on bats is a 2010 dataset consisting of 117 fungal species isolated from the external surface of apparently healthy hibernating bats (Myotis lucifugus LeConte 1831 and M. septentrionalis Trouessart 1897) in eight caves and mines in New Brunswick, Canada (Vanderwolf et al., 2013a) . No Pd was cultured in 2010 and visible signs of WNS (fungal growth on bats and behavioral changes of bats) were not seen in the province until March 2011. We replicated our 2010 study during the winter of 2012 in some of the same caves where bats showed obvious signs of WNS (i.e. visible growth of Pd on exposed skin), with Pd presence confirmed by histology and qPCR at the Canadian Wildlife Health Cooperative. To gain an understanding of inter-year variation in fungal assemblages on bats at specific sites, we resampled hibernacula in 2012 that were sampled in 2010 and where WNS presence remained unconfirmed (i.e. no visible evidence of WNS-infected bats in 2012). However, we acknowledge that lack of visible WNS does not necessarily equate with lack of Pd presence (Verant et al., 2014) . In an effort to track the source of some of the fungal spores on live hibernating bats we also cultured fungi from bat carcasses remaining in one of our study sites (Berryton Cave) 12-24 months following initial WNS mortality and compared this to fungal assemblages on live bats.
Of the 8 New Brunswick hibernacula sampled in 2010, 5 were re-sampled in 2012. In one excluded hibernaculum the bat population had decreased to < 10 bats due to WNS infection, below our prescribed sample size, while in another bats had changed roosting positions so as to no longer be accessible to us. The 5 hibernacula sampled included 3 limestone caves (one with WNS-positive bats), one gypsum cave (with WNS-positive bats), and one long-abandoned manganese mine (with WNS-positive bats). Data on physical characteristics of study sites can be found in Vanderwolf et al. (2012) . We followed the protocol of the United States Fish and Wildlife Service (2009) for minimizing the spread of WNS during all visits to caves.
Field Sampling
During February -March 2012, swabs (n = 202) were taken from the skin and dorsal fur of live Myotis lucifugus (n = 34) and M. septentrionalis (n = 16; 10 bats/cave, 50 bats total) with a sterile, dry, cotton-tipped applicator. 'Skin' includes the face, ears, patagium, and/or uropatagium, depending on which skin surfaces were accessible to us. Bats were swabbed while roosting and were not removed from the walls, which precluded determining sex. In Pdpositive hibernacula, only Myotis spp. with visible Pd growth were sampled. Methods were identical to Vanderwolf et al. (2013a) . Swabs were cultured on either dextrose-peptone-yeast extract (DPYA) agar or Sabouraud-Dextrose (SAB) agar, both of which contained the antibiotics chlortetracycline (30 mg/liter) and streptomycin (30 mg/liter). Four swabs were taken per bat using all combinations of fur or skin on either SAB or DPYA. A new applicator was used for each swab. After swabbing, the applicator was immediately streaked across an agar surface in a petri plate. Diluting streaks were completed in the hibernaculum within 3 h of the initial streak, after which plates were sealed in situ with parafilm (Pechiney Plastic Packaging, Chicago, IL).
In 2012 three dead M. lucifugus heavily colonized with fungal hyphae were collected from Berryton Cave and samples of hyphae cultured on DPYA. In 2013 fungal hyphae were removed from a dead M. lucifugus in situ in Berryton Cave using sterile technique and placed on 2 DPYA plates.
Laboratory Processing
All plates were incubated, inverted in the dark at 7°C, and monitored over 4 months. Pure cultures of each distinct colony were maintained on DPYA without oxgall and sodium propionate. Identifications were carried out by comparing the micro-and macromorphological characteristics of the microfungi to the taxonomic literature and compendia. We had access to reference collections of cultures from Myotis spp. collected in 2010 and identified previously using a mix of sequencing and morphological features (Vanderwolf et al., 2013a) . Some isolates were sent to taxonomic specialists for confirmation of identification, usually through a combination of morphological and molecular genetic techniques. Identifications of Pd were confirmed by sequencing as part of another study (Khankhet et al., 2014) . Permanent cultures are housed in the University of Alberta Microfungus Collection and Herbarium (UAMH 11721, 11723-11725, 11732-11734, 11813, 11815-11817) and desiccant-dried samples are vouchered in the New Brunswick Museum 04840, (4942) (4943) (4944) (4945) (4946) (4947) (4948) .
Statistical Analysis
The number of fungal taxa per bat in 2012 was not normally distributed, even with transformation. Therefore a Kruskal-Wallis test was used to determine if the number of fungal taxa per bat differed between hibernacula in 2012. A Mann-Whitney test was used to determine if the number of fungal taxa per bat in 2012 differed between M. lucifugus and M. septentrionalis and Pd-positive versus Pd-negative Myotis spp. When comparing 2012 results to the 2010 study, only data from the 5 hibernacula sampled in both years were used. A Wilcoxon signed ranks test was used to determine if the number of fungal taxa per bat among the hibernacula in 2012 was significantly different from that in 2010. The average number of fungal taxa isolated from each hibernaculum was normally distributed and therefore a paired t-test was used to compare 2012 data to 2010. Minitab Statistical Software (https://www.minitab.com/enus/) was used for all tests.
RESULTS

Post-WNS Fungal Diversity
Fungi were successfully cultured from all 50 bats sampled in 2012 and from 187 of 202 (92.6%) swabs collected, producing a total of 885 isolates. Swabs that did not produce fungi generally produced unidentified bacteria and yeast, which were also present on some swabs with fungi. A mean of 8.2 ± 4.3 SD fungal taxa (range: 2-14) were isolated from each bat ( Table 1) . Berryton Cave was notable for its high mean number of fungal taxa per bat compared to other sites we examined. The number of fungal taxa per bat was significantly different among hibernacula (Table 1) Berryton Cave 6.5 ± 1.9 13.1 ± 2.6 10 0
Harbell's Cave 6.1 ± 1.7 4.7 ± 3.9 0 10
Howes Cave 6.8 ± 2.5 7.0 ± 3.0 5 5
Markhamville Mine 8.5 ± 1.7 9.1 ± 3.6 9 1
White Cave 7.7 ± 3.8 7.4 ± 3.8 10 0
Overall 7.1 ± 2.6 8.2 ± 4.3 34 16 and excluding Berryton (H 3.40 = 8.66, P = 0.03). The number of fungal taxa per bat was also significantly higher on M. lucifugus vs. M. septentrionalis (W 2.50 = 1016.5, p = 0.008) with a mean of 9.3 ± 4.1 SD fungal taxa per M. lucifugus (n = 34) and 6.0 ± 4.0 SD per M. septentrionalis (n = 16). Eighty fungal taxa in 56 genera were isolated in 2012 ( Table 2 ). Some fungal taxa were isolated more frequently using DPYA than SAB, such as Arachniotus spp. (10 positive DPYA plates, 0 SAB), Chrysosporium spp. (18 DPYA, 4 SAB), and Microascus spp. (33 DPYA, 13 SAB), while Mortierella spp. were isolated more frequently on SAB (37 SAB, 1 DPYA). Excluding sterile cultures, 51 fungal taxa were isolated using SAB (n = 102 plates), 59 using DPYA (n = 100), 60 from fur (n = 102), and 59 from skin (n = 100). 
Pre-vs. post-WNS Fungal Diversity
The mean number of fungal taxa isolated per hibernaculum was not significantly different in 2012 (32.4 ± 4.3 SD) when compared to 2010 (29.6 ± 6.1 SD; T 1.4 = 0.66, P = 0.543). Neither was the mean number of fungal taxa per bat in 2012 significantly different from that recorded in 2010 among the five hibernacula re-examined (Table 1 ; Wilcoxon statistic 1.49 = 677, P = 0.137). However, the mean number of fungal taxa per bat in Berryton Cave was significantly higher in 2012 (13.1 ± 2.6 SD) than 2010 (6.5 ± 1.9 SD; Wilcoxon statistic 1.9 = 55, P = 0.006). This increase in the number of fungal taxa per bat in Berryton Cave between 2010 and 2012 was not reflected evenly across all fungal taxa, but rather in the number of bats from which Microascus type 2, Microascus caviariformis, Chrysosporium sp., Chrysosporium merdarium, Pd, Leuconeurospora capsici, Arachniotus sp., Arthroderma silverae, and O. truncatum were cultured.
Pseudogymnoascus destructans
Pd was cultured from 100% of bats with visible Pd growth (n = 30 bats), and from 19.0% of bats without visible Pd growth (n = 21 bats). Bats with visible Pd growth comprised 1 M. septentrionalis and 29 M. lucifugus. Bats without visible Pd growth included 16 M. septentrionalis (3 culturing positive for Pd) and 5 M. lucifugus (1 culturing positive for Pd). All Myotis spp. sampled without visible Pd growth were located in hibernacula considered Pd-negative. Pdpositive Myotis spp. had significantly higher numbers of fungal taxa per bat (9.9 ± 4.0 SD) than Pd-negative Myotis spp. (6.9 ± 4.0 SD; W 1.58 = 698, P = 0.0089). Among bats with visible Pd growth, culturing Pd was marginally more successful from skin (93.1% positive swabs, n = 58 swabs) than fur (80.0%, n = 60) and on DPYA (89.7%, n = 58) than SAB (83.3%, n = 60). For bats without visible Pd growth, culturing Pd was marginally more successful from skin (14.3% positive swabs, n = 42 swabs) than fur (11.9%, n = 42) and on DPYA (14.3%, n = 42) than SAB (11.9%, n = 42). Pd co-occurred with other Pseudogymnoascus spp.; 28 bats harbored both Pd and Pseudogymnoascus spp. while 6 bats cultured positive for Pd but with no other Pseudogymnoascus spp. Although two of our study sites were identified as Pd-negative based on the lack of visible fungal growth on bats, culture data proved both to be Pd-positive. In Howes Cave, Pd was cultured from 1 of 10 M. lucifugus sampled in February 2012, one month before visible Pd growth on bats was observed. In Harbell's Cave, Pd was cultured from 3 of 10 M. septentrionalis (clustered together) sampled thirteen months before visible Pd growth on bats was observed. Pd was not detected prior to the visible appearance of fungal growth at other sites, in part because no culturing was done in 2011.
Fungi on dead bats
In 2012 Mucor sp., Mortierella sp., P. pannorum sensu lato, Pd, Arachniotus sp., Acremonium spp., and C. merdarium were cultured from dead M. lucifugus in Berryton Cave (n = 3 bats; Fig. 1 ). The composition of fungi on dead bats changed as carcass decomposition progressed. Fast growing Zygomycetes such as Mucor spp. and Mortierella spp. were commonly seen on freshly dead bats in Berryton Cave (Fig. 1A) . As carcasses decomposed fungi that grow more slowly, such as Trichoderma sp., Arachniotus sp., P. pannorum sensu lato, and Chrysosporium spp., became evident (Fig. 1B) . Carcasses at an advanced stage of decomposition, consisting only of remnant fur and bone, were often covered with ascomata of M. caviariformis (Fig. 1C) . In 2013, P. pannorum sensu lato, M. caviariformis, Fusarium sp., Trichosporon dulcitum, L. capsici, A. silverae, Pd, O. truncatum, Mucor sp., Mortierella sp., and C. stemonitis were cultured from a long-dead M. lucifugus in Berryton Cave. All fungi isolated from dead bats were also cultured in 2010 and 2012 from live bats, with the exception that no Pd was cultured in 2010. Most notably, those fungi contributing to the elevated diversity found on live bats in Berryton Cave in 2012 were also isolated from dead bats remaining after a 2011 WNS mortality event in this hibernaculum.
DISCUSSION
Post-WNS Fungal Diversity
The greater number of fungal taxa isolated from M. lucifugus versus M. septentrionalis in 2012 may reflect environmental features of individual hibernacula rather than a biological difference between the bat species. Ten of 34 M. lucifugus sampled were roosting in Berryton Cave, the hibernaculum with the highest number of fungal taxa per bat. Conversely, ten of the 16 M. septentrionalis sampled were roosting in a hibernaculum with near the lowest fungal diversity among all sites in both 2010 and 2012 (Harbell's Cave). Vanderwolf et al. (2013a) found that hibernacula with substantial flowing or standing water bodies (n = 3 sites) had lower fungal diversity compared to those lacking such features (n = 5 sites). Harbell's Cave was the only site with substantial water (flowing) sampled in 2012. There was no significant difference in the number of fungal taxa isolated from M. lucifugus versus M. septentrionalis in 2010 (Vanderwolf et al., 2013a) .
Berryton Cave had a significantly higher mean number of fungal taxa per bat than any other site sampled in 2012. Pre-WNS, Berryton Cave hosted the greatest number of hibernating bats among known hibernacula in New Brunswick (Vanderwolf et al., 2012) . The arrival of WNS led to mass mortality of bats in this cave, with thousands of carcasses on the cave floor and walls. Although the majority of carcasses were removed by scavenging raccoons or for research purposes (McAlpine et al., 2011) , we estimate <100 remained in the cave. During repeated visits over 3 years, we observed these carcasses being colonized by a succession of fungi. The fungal taxa that increased in frequency on live bats in Berryton Cave between 2010 and 2012 were identical to those cultured from dead bats. It appears that spores originating from carcasses settled on live bats, elevating over-all fungal diversity at this site. Few or no bat carcasses were found in other Pd-positive hibernacula in the province. It appears Pd-infected bats present at these sites exited hibernacula and died on the landscape. This varying pattern of mortality events at Pd-infected bat hibernacula may therefore influence the diversity of fungi that can be cultured from live bats in the immediate aftermath of WNS infection. Johnson et al. (2013) found a total of 31 fungal taxa on M. septentrionalis in two Pd-negative hibernacula in Illinois, with a mean of 9.75 ± 1.49 SD fungal taxa per bat (n = 8 bats) and 5.17 ± 4.92 SD (n = 6 bats) respectively. They found 8 fungal taxa on M. sodalis (n = 1 bat) in a Pd-negative Illinois hibernaculum. Our results, both in Pd-negative hibernacula in 2010 and Pd-positive hibernacula in 2012, are very similar in terms of number and composition of fungal taxa (43 fungal taxa on M. septentrionalis in 2012 with x = 6.0 ± 4.0 SD fungal taxa/bat, n = 16 bats). Nineteen of 44 fungal taxa and 9 of the 10 most common taxa isolated from 3 bat species by Johnson et al. (2013) were also found on bats in New Brunswick in 2012 or 2010 (Vanderwolf et al. 2013a) . Penicillium spp., Cladosporium spp., Pseudogymnoascus pannorum sensu lato, and Mortierella spp. are reported among the most common fungal taxa isolated from live bats in both New Brunswick and Illinois.
Pre-vs. post-WNS Fungal Diversity
In 2010, 83 fungal taxa in 57 genera (n = 50 bats) were isolated (subset of data from Vanderwolf et al. 2013a) while 80 fungal taxa in 56 genera (n = 50 bats) were isolated from the same hibernacula in 2012. In 2010, 24 genera were isolated that were not found in 2012. In 2012, 25 genera were isolated that were not found in 2010. These unique genera were isolated from a mean of 1.5 ± 1.0 SD bats in 2010 (range 1-4) and 1.3 ± 0.7 SD bats in 2012 (range 1-4). These genera are either naturally rare in the cave environment or infrequently encountered by bats above ground. Excluding Pd, 9 of the 10 fungal taxa most commonly isolated were identical in 2010 and 2012. The 30 most common taxa isolated in 2010 were also isolated in 2012. Clearly, the composition and number of the most common and widespread fungal taxa on hibernating Myotis spp. did not change with the introduction of Pd to New Brunswick hibernacula. Johnson et al. (2013) found that Pd-negative bats (n = 25) sampled April-May in Illinois had a much greater diversity of fungi than Pd-positive bats (n = 5) sampled in June in Indiana. Although Johnson et al. (2013) suggested that it was presence of Pd that lead to this reduced fungal diversity, we believe the pattern they report is the result of unbalanced sample sizes, fungal assemblages sampled from bats during and outside the hibernation period, and the comparison of assemblages from different geographic regions. If the hypothesis that Pd is widespread and native to Europe is correct (Puechmaille et al., 2011) , then the relatively larger numbers of studies on cave fungi carried out in Europe have been conducted in the presence of Pd. These studies report diversities of fungal taxa similar to those reported for fungal studies from North American caves (Vanderwolf et al., 2013b) . Our data suggest that environmental and ecological characteristics of individual caves are the principal variables influencing the fungal assemblages that can be cultured from hibernating bats at specific hibernacula.
Pseudogymnoascus destructans
We detected no difference in fungal diversity on the fur or skin of hibernating bats when comparing pre-(2010) and post-(2012) WNS data. However, Pdpositive bats had a significantly higher number of fungal taxa per bat than Pd-negative bats sampled in 2012. As noted, we believe this difference was due to environmental conditions in individual hibernacula (Pd-positive Berryton and Pd-negative Harbell's Cave). We found no evidence to suggest that in nature Pd interacts with other bat-associated fungi when present on the external surface of bats, even among closely related species of the same genus. As stated in Vanderwolf et al. (2013a) , bats appear to acquire a diversity of spores from the environment and may be important fungal dispersers. However with the exception of Trichophyton reddelli (Lorch et al., 2015) , Pd, and an unidentified ascomycete recently reported on Eptesicus fuscus (McAlpine et al., 2016) , fungi are not known to actively grow on bat skin or fur. This would seem to preclude competition between Pd and other fungi present on WNS-infected bats, although it would not preclude competition between fungal species on other substrates in the cave environment. Hoyt et al. (2015) found that a bacterium isolated from bats inhibits the growth of Pd in vitro. It is therefore possible that Pd may interact with other microbiota present on hibernating bats such as bacteria, viruses, or fungi that actively grow on bats that we did not culture. Regardless, the fungal assemblage found on cave walls and in cave sediments (Zhang et al., 2014) is similar to that on hibernating bats, demonstrating further that the ectomycota cultured from bats is a sub-sample of fungi present in the environment.
Fungi on dead bats
Previous studies of fungi that grow on dead bats have found many of the same or related taxa that we encountered in New Brunswick. Mucor sp. and Cladosporium sp. were identified from two dead Myotis sp. in Europe (Puechmaille et al., 2011) . Penicillium sp. was found growing on two dead Rhinolophus ferrumequinum in the United Kingdom (Wibbelt et al., 2010) , and Chrysosporium merdarium was isolated from a dead bat in Hungary (Zeller, 1966 Chrysosporium sp., C. merdarium, Alternaria sp., Aspergillus sp., Candida palmioleophila, Thielavia sp., Lecanicillium lecanii, Penicillium sp., Penicillium griseofulvum, and Cladosporium cladosporioides were isolated from 17 dead bats of various species (Voyron et al., 2011) . Some of these fungi were also isolated from live bats in the same cave (Voyron et al., 2011) . All fungi we isolated from dead bats in New Brunswick were also cultured from live bats, both in 2010 and 2012 (Vanderwolf et al., 2013a) . Cave fungi appear to be opportunistic and proliferate when sources of nutrition become available in the oligotrophic cave habitat (Cubbon, 1976; Minn, 1988) . In the absence of vertebrate and insect scavengers, fungi are important decomposers of organic matter in cave environments. Most fungi present in caves seem unable to use live bats as a food source. However, multiple fungal species proliferate on dead bats, with the spores these fungi produce dispersing into the surrounding cave environment. Where there is an influx of substrates into a cave on which fungi may grow (e.g. dead bats as a result of WNS mortality), the frequency of fungal taxa that can be cultured from live bats in hibernacula appears to shift. At one of our study sites in New Brunswick (Berryton Cave), we found that those fungal taxa growing on dead bats were cultured with increased frequency from live bats following the mortality of thousands of Pd-infected Myotis spp..
CONCLUSION
The fungal assemblage cultured from hibernating bats was not affected by the presence of Pd. Differences in fungal assemblages on M. lucifugus and M. septentrionalis appear to be related to environmental and ecological characteristics of individual caves. The increase in the number of fungal taxa per live bat in one hibernaculum from 2010 to 2012 is likely due to the growth of fungi on dead bats in the cave associated with WNS mortality. Currently lacking are detailed data on changes in fungal diversity over time as fungal substrates decompose in caves and how these changes might influence fungal assemblages in the surrounding environment. It appears that fungal assemblages on live bats may be sensitive to sporadic or rare introductions of fungal substrates to the cave environment.
